The R K measurement by LHCb suggests non-standard lepton non-universality (LNU) to occur in b → s + − transitions, with effects in muons rather than electrons. A number of other measurements of b → s + − transitions by LHCb and B-factories display disagreement with the SM predictions and, remarkably, these discrepancies are consistent in magnitude and sign with the R K effect. Non-standard LNU suggests nonstandard lepton flavor violation (LFV) as well, for example in B → K and B s → . There are good reasons to expect that the new effects may be larger for generations closer to the third one. In this case, the B s → µe decay may be the most difficult to reach experimentally. We propose and study in detail the radiative counterpart of this decay, namely B s → µeγ, whereby the chiral-suppression factor is replaced by a factor of order α/π. A measurement of this mode would be sensitive to the same physics as the purely leptonic LFV decay and, depending on experimental efficiencies, it may be more accessible. A realistic expectation is a factor of two improvement in statistics for either of the B d,s modes.
Introduction -During run 1, the LHCb experiment performed a number of measurements of b → s and b → c transitions, finding less than perfect agreement with the Standard Model (SM). On the same timescale, updates on some of the most interesting of these measurements were published by the B factories as well, with results consistent with LHCb's.
In more detail, the experimental situation can be summarized as follows. The most striking effect is that measured by LHCb in the ratio known as R K [1] R K ≡ B(B + → K + µ + µ − ) B(B + → K + e + e − ) = 0.745
−0.074 (stat) ± 0.036 (syst) ,
in the di-lepton invariant-mass-squared range [1, 6] GeV 2 . The SM predicts unity with percent-level corrections [2] [3] [4] [5] , implying a 2.6σ discrepancy. Two convincing aspects of this discrepancy are the theoretical cleanness of R K , and the fact that the measurement in the electron channel, the one more subject to large systematics, is, within errors, in agreement with the SM prediction [1] . On the other hand, the muon-channel measurement, expected to be experimentally more solid, yields [6, 7] B(B + → K + µ + µ − ) [1, 6] = (1.19 ± 0.03 ± 0.06) × 10
= −C NP 10 , with comparable χ 2 between the two cases [30, 31] . (See also [32] [33] [34] [35] [36] .) The corresponding terms in the effective Hamiltonian read
λ s L¯ ( C 9 γ λ + C 10 γ λ γ 5 ) + H.c., (3) where C 9,10 = C SM 9,10 + C NP, 9,10 . The label takes into account that the NP contributions to the Wilson coefficients may depend on the lepton flavor. This possibility, suggested by the R K result and referred to as lepton-flavor non-universality (LNU), has inspired a number of SM extensions where new LNU interactions are introduced via the exchange of multi-TeV particles [30, .
If data confirm the presence of beyond-SM LNU, in general -namely, in the absence of further assumptions -we also expect non-standard LFV [45] . 1 One may object that this is not the case already in the SM plus any minimal mechanism for neutrino masses, as in this case LFV in decay is suppressed by m ν . However, there is no compelling argument why the new physics explaining R K should have neutrino masses as the only LFV spurions.
More specifically, ref. [45] proposed that the R K deviation from unity be due to an effective interaction involving dominantly quarks and leptons of the third generation, namely
If the scale of this interaction is above the electroweak-symmetry breaking one, quarks and leptons are, in general, in the gauge basis, indicated with a prime. After rotation to the mass eigenbasis, one can then expect effects that are largest for third-generation quarks and leptons, and suppressed accordingly for lighter generations. 2 Assuming the interaction (4), the amount of LNU pointed to by R K actually allows to quantify rather generally [45] the expected amount of LFV. In fact, R K yields the ratio ρ NP = −0.159 +0.060 −0.070 (5) between the NP and the SM+NP contribution to C µ 9 . Then
implying
where we used B(B + → K + µ + µ − ) 4.3 × 10 −7 [6] , and neglected all terms proportional to the different masses of the final-state leptons. 3 Eq. (7) tells us that LFV B → K decays are expected to be in the ballpark of 10 −8 times an unknown factor involving U L matrix entries. In the i j = eµ case, this ratio reads [45] , implying that the B → Kµe rate may be around 10
The latter possibility would suggest U L entries that decrease in magnitude with the distance from the diagonal. But then one may expect the ratio |(U L ) 33 /(U L ) 32 | > 1, implying a B → Kµτ rate of O(10 −8 ) or above. In short, assuming the interaction (4), one can hope that at least one LFV B → K decay rate be in the ballpark of 10 −8 [45] , which happens to be within reach at LHCb's run 2. An entirely analogous reasoning applies for the purely leptonic modes B s → ± i ∓ j . Similarly as eq. (7) one has
Therefore, purely leptonic LFV decays of the B s may well be within reach of LHCb during run 2, if the U -matrix factor on the r.h.s. is of order unity (or larger!) for at least one LFV mode. 4 From the previous line of argument about the U L -matrix suppression, one may expect the B s → eµ to be the most difficult to access among the purely leptonic LFV modes. It is therefore useful to search for additional decays, that can give access to the same physics, while being comparably (or, hopefully, more) accessible experimentally.
Here we would like to point out that, in the B s → µe channel, one such 'proxy' decay is provided by the inclusion of an additional hard photon in the final state. In fact, the 2 Actually, given the O(TeV)-scale of the new interactions, it is expected that the fermionic d.o.f. involved be complete multiplets under the unbroken EW symmetry [72] . This observation establishes correlations [73] between (among the others) effects in b → s and in b → c transitions, thus allowing a common origin for the b → s discrepancies and those in R(D) and R(D ( * ) ). For further quantitative studies see [62, 65, 68, [74] [75] [76] . 3 Because of this approximation, eqs. (6)- (7) provide only crude estimates in the case of decays involving a τ lepton. However, this approximation does not change the argument of the present paragraph. 4 For a (rough) comparison, we should keep in mind that at run 2 the LHCb is expected [77] to provide a first measurement of B( additional photon replaces the chiral-suppression factor, of order max(m 1 , m 2 ) 2 /m 2 Bs , with a factor of order α em /π. In the case of the µe channel these two factors are respectively 4 × 10 −4 and 2 per mil. The actual enhancement of B(B s → µeγ) over the non-radiative counterpart needs to be worked out by explicit calculation.
We thus compute the decay of a generic pseudo-scalar meson to + 1 − 2 γ, and study in detail the cases of B s , B d , K as initial state and of µe as final state. (To fix notation, formulae are given for B q .) The photon energy E γ is integrated above an experimental cut around 60 MeV, comparable to the experimental resolution on the total invariant mass of the final states, which has to yield the decaying-meson mass. We subsequently compare the resulting radiative rates with the non-radiative ones. We find an O(1) factor for the B q cases and at the percent level for the kaon case. Therefore, if experimental efficiencies for the radiative vs. the non-radiative B q decays are comparable, measurements of the radiative counterparts of LFV decays will provide crucial quantitative tests of the new-physics scenario responsible for a possible LFV signal.
Observables -Within the interaction in eq. (4) the contributions to the process B q → + 1 − 2 γ are given by the diagrams in fig. 1 , where the black dot denotes the insertion of the (LFV counterparts of the) operators O 9 or O 10 , in the following normalization [78] 
The diagrams in fig. 1 correspond to two amplitudes: the one where the photon is emitted from the B-meson quarks, denoted as A (1) , and the one due to Bremsstrahlung from the final-state leptons, denoted as A (2) . Accordingly, the decay width is the sum of three terms, those coming from the magnitudes squared of the above amplitudes, and that due to the interference between A (1) and A (2) . In a notation close to ref. [79] , these three contributions read:
0 + x ξB
and theŝ,t,û variables fulfill the constraint
Here p, k, p 1 and p 2 denote the momenta of, respectively, the initial meson, the emitted photon, and the leptons 1,2 , whose masses are m 1,2 . The hat denotes that the given variable has been made dimensionless by normalizing it to an appropriate power of M Bq . Furthermore
The B
(j) i functions are defined as follows:
In the lepton-flavor conserving limit, these equations reproduce the results of ref. [79] , apart from an overall sign typo in eqs. (2.13) and (3.3) of that paper. The f Bq decay constant and the B q → γ form factors involved are defined by [80] 0|b
For the F
(Bq)
V,A form factors we use the parameterization in [79] . (Within few percent, the B s → γ form factors coincide with the B d → γ ones. Such differences are clearly negligible in our context.)
For the K → γ form factors, defined in complete analogy to eqs. (21)- (22) and denoted as F
(K)
V,A , we instead adapt to light quarks the recent analysis [81] of heavy-meson transition form factors. The latter is based on the relativistic constituent quark model [82, 83] . This model makes no fundamental difference between heavy and light mesons, and as such it is applicable to either case. For heavy quarks, the analytic expressions for the form factors from the constituent quark model reproduce the known results from QCD for heavy-to-heavy and heavy-to-light form factors. For light quarks, properties known for QCD in the chiral limit constrain the structure of the axial current of the constituent quarks [84] . Form-factor predictions within this model are thereby expected to be within about 10% 5 with respect to ones based on first-principle approaches. 6 We calculated the K → γ form factors making use of the model parameters from ref. [86] . The calculation may be parameterized by the simple formula
with [87] and f K = 0.155 [88] . The rest of the relevant input parameters are taken from [89] .
The branching ratio for the corresponding non-radiative decay
with
In the lepton-flavor conserving limit this formula reproduces exactly the corresponding one in ref. [78] . We note that the above branching-ratio formulae refer to 'instantaneous' B q decays. This observation is relevant for a precision calculation of B s decay branching ratios. In this case, one should replace τ Bs with τ B H (where B H is the heavier of the B s −B s mass eigenstates), to account for the large width difference in the B s system [90] .
Furthermore, as already remarked, in our numerics we integrate the photon energy spectrum above E cut = 60 MeV, comparable to the experimental resolution on the total invariant mass of the final states, which has to yield the decaying-meson mass. 7 The above cut doesn't completely exclude 'soft' photons, namely ones such that E γ m Bq /2. Their effect can be summed to all orders in the soft-photon approximation, and leads to a multiplicative correction factor to the non-radiative rate, of the order of 10%, as discussed in [91] . However, within LHCb, the effect of soft final-state radiation is corrected for by an appropriate Monte Carlo.
Numerical Analysis -One can now compute the predictions for the radiative and nonradiative cases within the interaction in eq.(4) [45] , whereby the shifts to C 9 and C 10 read
These predictions will depend on two basic parameters, the overall strength G of the interaction in eq. (4), and the product of four chiral rotations turning the fermion fields (b b )(τ τ ) into the fields relevant for the process, (bq)(¯ 2 1 ). This product of four U -matrix entries will be denoted as U 4 for brevity. The parameters G and U 4 are completely unknown and we have at best some guiding criteria to fix them to reasonable ranges:
• Since, for a given process, G and U 4 always appear as a product, it is always possible to shuffle an arbitrary numerical factor between G and U 4 . As a consequence, to fix a reasonable range for G with any confidence, one may consider predictive models for U 4 , as in ref. [64] (see also [58] ). One obtains new-physics scales Λ N P = 1/ √ G between 750 GeV and 5 TeV. 8 We then assume 4 × 10
• The PMNS-matrix anarchy suggests that the leptonic part of U 4 may be of O(1).
As concerns the U d L matrix entries 33 and 3q, one can assume them to be close in magnitude to the CKM entries V tb and V tq respectively. 9 We therefore consider the range 10 −4 ≤ U 4 ≤ 0.05, keeping in mind that B s would correspond to U 4 ∼ |V ts | 0.04 and B d to U 4 ∼ |V td | 0.008. 7 We take Ecut = 60 MeV from the Bs → µµ case [91] . When including an additional photon, the correct value to be taken for Ecut may be slightly higher [92] . However, the choice of its precise value has a minor impact on our predictions, as Ecut only modifies theŝ integration endpointŝmax = 1 − 2Ecut/MB q . 8 As emphasized in [64] , these mass scales may appear low for, say, a Z as the underlying mediator of the interaction (4). However, it must be remembered that this interaction couples primarily to the third generation. 9 This assumption should actually hold to a good extent, provided that new interactions other than eq. (4) are indeed negligible, as assumed here. To get an idea of the resulting predictions, we note that the upper limit B(B s → µ ± e ∓ ) < 1.1 × 10 −8 from LHCb [93] corresponds to G × U 4 = 1.3 × 10 −8 GeV −2 , which is about 6 times smaller than the product of our highest allowed values for G and U 4 . A general picture of the predictions for the B s → µeγ branching ratio and its non-radiative counterpart as a function of G vs. U 4 in the above-mentioned ranges is presented in fig. 2 . The gray area denotes the parameter space excluded by the LHCb B s → µe search of ref. [93] .
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The figure shows that the radiative mode is slightly enhanced with respect to the nonradiative counterpart. Actually, within our considered model, where the shifts to C 9 and C 10 differ only by a sign, the |G × U 4 | 2 dependence cancels altogether in the radiative over non-radiative ratio, and we find
As a consequence, assuming experimental efficiencies for radiative and non-radiative cases to be comparable, the measurement of the B q radiative decay along with the non-radiative one offers a precious cross-check of the new-physics mechanism responsible for a possible LFV signal. In the K case instead, the radiative mode is too suppressed to be potentially interesting, unless the K → µe mode is found at an unexpectedly large rate. The numbers in eq. (27) can be intuitively understood as follows. First note that the Bremsstrahlung contribution dΓ (2) to the radiative decay comes with a factor of (f /M ) 2 , with M the mass of the decaying meson and f its decay constant, as well as with a chiral suppression factor. On the other hand, both of these suppression factors are absent in the direct-emission contribution dΓ (1) . Therefore, the radiative decay will be competitive with the non-radiative one -the latter also (f /M ) 2 as well as chirally suppressed -to the extent that the direct-emission contribution can dominate, which occurs whenever f /M is small enough, that is the case for both B d and B s , but not for kaons. In other words, the larger the ratio M/f , with M the mass of the decaying meson and f its decay constant, the larger the parametric enhancement of the radiative decay over the non-radiative counterpart.
Conclusions -We studied in detail the prediction for the LFV decays of a K, B d or B s → µ ± e ∓ γ. These decays are 'proxies' to the corresponding non-radiative decays, in that LFV physics of the kind discussed in the text will produce both sets of decays, the chiral-suppression factor in the non-radiative modes being replaced by a factor of the order of α/π in the radiative ones. We found that predictions for the total branching ratios for B d,s → µ ± e ∓ γ exceed by about 30% those for the corresponding non-radiative modes. Taking into account that experimental efficiencies may be slightly lower for µeγ than they are for just µe pairs, inclusion of the proposed radiative modes realistically corresponds to a doubling of the statistics as compared to the purely non-radiative modes, for either of B d and B s .
